Highly pathogenic avian influenza viruses (HPAIVs) of hemagglutinin H5 and H7 subtypes emerge after introduction of lowpathogenic avian influenza viruses (LPAIVs) from wild birds into poultry flocks, followed by subsequent circulation and evolution. The acquisition of multiple basic amino acids at the endoproteolytical cleavage site of the hemagglutinin (HA) is a molecular indicator for high pathogenicity, at least for infections of gallinaceous poultry. Apart from the well-studied significance of the multibasic HA cleavage site, there is only limited knowledge on other alterations in the HA and neuraminidase (NA) molecules associated with changes in tropism during the emergence of HPAIVs from LPAIVs. We hypothesized that changes in tropism may require alterations of the sialyloligosaccharide specificities of HA and NA. To test this hypothesis, we compared a number of LPAIVs and HPAIVs for their HA-mediated binding and NA-mediated desialylation of a set of synthetic receptor analogs, namely, ␣2-3-sialylated oligosaccharides. NA substrate specificity correlated with structural groups of NAs and did not correlate with pathogenic potential of the virus. In contrast, all HPAIVs differed from LPAIVs by a higher HA receptor-binding affinity toward the trisaccharides Neu5Ac␣2-3Gal␤1-4GlcNAc␤ (3=SLN) and Neu5Ac␣2-3Gal␤1-3GlcNAc␤ (SiaLe c ) and by the ability to discriminate between the nonfucosylated and fucosylated sialyloligosaccharides 3=SLN and Neu5Ac␣2-3Gal␤1-4(Fuc␣1-3)GlcNAc␤ (SiaLe x ), respectively. These results suggest that alteration of the receptor-binding specificity accompanies emergence of the HPAIVs from their low-pathogenic precursors. IMPORTANCE Here, we have found for the first time correlations of receptor-binding properties of the HA with a highly pathogenic phenotype of poultry viruses. Our study suggests that enhanced receptor-binding affinity of HPAIVs for a typical "poultry-like" receptor, 3=SLN, is provided by substitutions in the receptor-binding site of HA which appeared in HA of LPAIVs in the course of transmission of LPAIVs from wild waterfowl into poultry flocks, with subsequent adaptation in poultry. The identification of LPAIVs with receptor characteristics of HPAIVs argues that the sialic acid-binding specificity of the HA may be used as a novel phenotypic marker of HPAIVs. Citation Heider A, Mochalova L, Harder T, Tuzikov A, Bovin N, Wolff T, Matrosovich M, Schweiger B. 2015. Alterations in hemagglutinin receptor-binding specificity accompany the emergence of highly pathogenic avian influenza viruses. J Virol 89:5395-5405.
A vian influenza is a highly contagious infection with influenza A viruses, with a worldwide occurrence in aquatic wild bird populations which represent the major natural hosts of these viruses. Influenza A viruses are classified into subtypes according to their surface glycoproteins: 18 hemagglutinin (HA) and 11 neuraminidase (NA) antigenic subtypes have been identified (1, 2, 3) . Avian influenza viruses (AIVs) are subdivided into groups of high and low pathogenicity. The presence of multiple basic amino acids at the endoproteolytical cleavage site of the HA is a molecular indicator for high pathogenicity, at least for infections of gallinaceous poultry (4, 5, 6, 7, 8) . Influenza viruses of HA subtypes H5, H7, and H9 are commonly identified in terrestrial gallinaceous poultry (9, 10) . Only low-pathogenic AIVs (LPAIVs) of subtypes H5 and H7 naturally evolve into highly pathogenic AIVs (HPAIVs), which cause severe infections with high rates of mortality in poultry (11, 12, 13, 14) and can also be transmitted from birds to humans (15, 16, 17, 18) .
The two viral glycoproteins, HA and NA, expressed on the surface of influenza virions play an important role in determining the pathogenic properties of the virus. Influenza virus infection is initiated by interactions between the viral HA and sialic acid-containing oligosaccharides on target cells. The NA cleaves off the terminal sialic acid residues from the host cell, promoting the release of virus progeny and preventing the formation of virus aggregates at the budding site. Furthermore, NA desialylates natural inhibitors of virus binding (such as mucins) and, thus, facilitates virus entry into target cells (19, 20) . It was reported that NA expression directly enhances HA-mediated membrane fusion and infectivity (21) . A functional match of HA and NA is a prerequisite for successful influenza virus infection and replication (20, 22, 23) .
Influenza A viruses are transmitted occasionally from aquatic birds to other species. Rarely, they adapt to new hosts and circulate, forming stable host-specific virus lineages. An adaptation to sialic acid-containing receptors in a new host species may be required for successful interspecies transmission owing to host-specific differences in cell surface sialylation in target tissues of different species. Thus, it is well documented that a switch in the receptor specificity of the avian precursor is essential for the emergence of new stable virus lineages in pigs and humans (24, 25, 26, 27) . AIVs of domestic birds also originate from the natural reservoir in aquatic birds (28, 29, 30) . Earlier, it was generally assumed for a long time that all avian viruses have similar receptor-binding specificities and, therefore, that there is no receptor-mediated restriction on interspecies transmission among different bird species (31, 32) . This hypothesis was first challenged by the finding that HA and NA of H5 and H7 poultry viruses differ from those of aquatic birds by additional N-linked glycans at the top of HA and large deletions in the stalk of NA (33) . These changes in HA and NA were detected in many independent lineages of poultry viruses. It was concluded that these changes may be a consequence of the adaptation of viruses of aquatic birds to cellular receptors in domestic gallinaceous birds (12, 30, 33, 34) .
It was also shown that influenza viruses of different avian species may differ in their fine HA receptor-binding properties such as recognition of the inner parts (cores) of the carbohydrate chains, including differences in recognition of sulfated and/or fucosylated carbohydrate structures (35, 36, 37, 38, 39, 40) . These findings suggested that sialic acid receptors in different birds are not identical and that distinctions in receptors determine differences in the viral fine HA receptor specificity.
Sporadically, LPAIVs of poultry-adapted H5 or H7 AIVs evolve into HPAIVs, usually through acquisition of multiple basic amino acids at the cleavage site of the HA (reviewed in reference 41). Typically, LPAIVs cause asymptomatic infections in wild aquatic birds, but when they are introduced into domestic poultry, infection may be asymptomatic or produce clinical signs and lesions in the respiratory, digestive, and reproductive systems. In contrast, the HPAIVs cause high morbidity and mortality in gallinaceous poultry, producing systemic disease with necrosis and inflammation in multiple visceral organs, nervous and cardiovascular systems, and the integument (42) . Thus, HPAIVs and LPAIVs possess different tissue tropisms. Apart from the wellstudied significance of the multibasic HA cleavage site, there is only limited knowledge of other alterations in the HA and NA molecules associated with changes in tropism during the emergence of HPAIVs from LPAIVs. We hypothesized that changes in tropism may require alterations in the sialyloligosaccharide specificities of HA and NA. To test this hypothesis, we analyzed HA receptor-binding and NA receptor-destroying activities of a panel of HPAIVs and LPAIVs using a set of synthetic receptor analogs, ␣2-3-sialylated glycopolymers, and determined that alteration of the receptor-binding specificity accompanies emergence of the HPAIVs from their low-pathogenic precursors.
MATERIALS AND METHODS

Materials.
Ninety-six-well polyvinyl chloride microtiter plates were obtained from Corning (USA), and horseradish peroxidase-streptavidin conjugate (Strept-POD) and 2,2=-azino-di-(3-ethylbenzthiazolinesulfonic acid) (ABTS) were obtained from Roche Diagnostics GmbH (Germany). High-molecular-mass (ϳ1,000 kDa) biotinylated sialylglycopolymers (SGPs), which are analogs of natural influenza virus receptors (43, 44) , and SGPs with -aminoglycoside spacers and boron-dipyrromethene (BODIPY)-labeled SGPs were synthesized as described previously (45, 46, 47, 48) . The structures and designations of their oligosaccharide moieties are presented in Fig. 1 .
DEAE-Toyopearl 650M was obtained from Tosoh Bioscience GmbH (Germany). Black polystyrene 96-well microtiter plates were purchased from Nunc (Denmark), and thin-well 0.2-ml Thermo microtubes were from ABgene (United Kingdom).
Viruses. The viruses listed in Fig. 2 were from the repositories of the following: Friedrich Loeffler Institute, Riems, Germany; Federal Institute for Health Protection of Consumers and Veterinary Medicine, Berlin, Germany; Institute of Virology, Philipps University, Marburg, Germany; and Robert Koch Institute, Berlin, Germany. Earl Brown (University of Ottawa, Ottawa, Canada) kindly provided the A/turkey/Ontario/6213/66 virus strain. The viruses were grown in 9-day-old embryonated chicken eggs. All HPAIVs were inactivated by treatment with beta-propiolactone (0.2% for 16 h at 4°C) or formalin (0.02% for 72 h at 37°C). Work with highly pathogenic isolates was performed under biosafety level 3 (BSL-3) conditions. To assess the effect of inactivation on the properties of the viruses, we prepared two H5 LPAIVs and divided them into two portions; one was treated with beta-propiolactone, and the other was used as a native control.
For virus purification, allantoic fluid was first clarified by low-speed centrifugation. The supernatant was layered on a top of 30% sucrose prepared in TN buffer (0.1 M NaCl, 0.02 M Tris, pH 7.2). The virus then was pelleted by high-speed centrifugation, resuspended in TN buffer containing 50% glycerol, and stored at Ϫ20°C.
Solid-phase receptor-binding assay. Receptor-binding specificity of HA was investigated using a direct binding assay as described previously (49, 50) . In brief, 96-well polyvinyl chloride microplates were coated with purified virus (40 l/well) with a titer of 16 hemagglutinating units (HAU) for 16 h at 4°C. The plates were then washed with ice-cold washing buffer ([WB] 0.01% Tween 80 in phosphate-buffered saline [PBS]). Serial 2-fold dilutions of biotinylated sialylglycopolymers in reaction buffer ([RB] 0.02% Tween 80 -0.02% bovine serum albumin in PBS) containing a 10 M concentration of the neuraminidase inhibitor 2,2-didehydro-2,4-didesoxy-4-amino-N-acetyl-D-neuraminic acid were added into the wells (20 l/well), and the plates were incubated at 4°C for 2 h. After the plates were washed, Strept-POD solution in RB (100 mU/ml) was added at 25 l/well, and the plates were incubated at 4°C for 1 h. After the plates were washed, the peroxidase activity in the wells was assayed with ABTS (Roche Diagnostics GmbH) substrate solution. The optical density at 405 nm was measured using a Tecan reader (Tecan Group, Ltd., Switzerland). The affinity constants (K aff s) were determined from slopes of Scatchard plots using micromolar concentrations of sialic acid for the calculations (49, 51) . The data are presented as K aff M Ϫ1 Ϯ standard deviation (SD). Mean values were calculated based on three independent experiments performed on different days.
Substrate specificity of influenza virus NA. The fluorescent assay for studying the substrate specificity of NA was described previously (48, 52, 53) . Purified influenza virus (3 l; 1 to 20 HAU) was added to a microtube containing 0.7 nmol of a BODIPY-labeled sialyloligosaccharide in 4 l of 0.1 M Na-acetate buffer (pH 5.0). The microtube was shaken at 37°C for the appropriate time period (10 to 20 min). To stop the reaction, the tube was heated at 70°C for 10 min, and the mixture was diluted with 63 l of distilled water. The obtained solution was analyzed immediately or stored at Ϫ20°C. The reaction mixture consisted of the neutral BODIPY-labeled oligosaccharide and negatively charged BODIPY-labeled uncleaved substrate. Neutral BODIPY-labeled product was separated using DEAE-Toyopearl anion exchanger microcartridges which were prepared as described previously (48) . A 20-l aliquot of the diluted reaction mixture was loaded onto a moist surface of Toyopearl in the microcartridge and gently forced through it into a well of a 96-well black plate. After that the microcartridge was washed with 450 l of water (in three portions of 150 l each), and the eluate was collected into three wells of the plate. Then the microcartridge was washed with 450 l of 0.5 M sodium acetate buffer, and the eluate was collected into the next three wells. A negative control, the mixture containing 3 l of TN buffer instead of the virus suspension, was processed in the same way. Fluorescence was measured at 485/535 nm using a Tecan reader (Tecan Group, Ltd., Switzerland). The values of the aqueous eluates give the yield of the formed product (I P ), whereas the same procedure for buffer eluates gives the amount of a nonreacted substrate (I S ). The yield of the enzymatic reaction (Y) and the concentration of the obtained product (C) can be calculated from the equations Y ϭ (I P ϫ 100)/(I P ϩ I S ) and C ϭ (I P ϫ S 0 )/(I P ϩ I S ), respectively, where S 0 is the initial molar concentration of the substrate. The assay conditions (virus concentrations in reaction mixtures and incubation time) were selected in such a way that it was possible to evaluate an initial rate of an enzyme reaction from a linear range of the product accumulation-versustime plot. Virus NA activity for each sialoside was calculated as the slope of the linear region of the V 0 -versus-S 0 kinetic curve [where V 0 is the initial rate of the desialylation, calculated as V 0 ϭ (I P ϫ S 0 )/(I P ϩ I S )T, where T is incubation time]. Substrate specificity of each virus NA was determined by comparison of V 0 /S 0 values obtained for all substrates under the same FIG 2 Avian influenza viruses used and evolutionary relationships of H5 and H7 subtype avian influenza viruses. A phylogenetic tree for amino acid sequences of the H5 and H7 HA1 protein was generated by the minimum-evolution method using MEGA software, version 5.2. The scale bar represents 0.01 or 0.005 units of amino acid per site for H5 or H7, respectively; black circles indicate LPAIVs. The tree is based on HA sequences presented in this study GenBank accession numbers are given (ns, not sequenced).
conditions. Data are presented as (V 0 /S 0 Ϯ SD)10 3 per min per HAU of virus. The mean values of V 0 /S 0 were calculated from two or three independent experiments.
Sequencing. PCR products of the amplified HA gene of AIVs were sequenced by automated nucleotide cycle sequencing (sequences of primers are available on request). PCR products were purified using an MSB Spin PCRapace kit (Invitek) and sequenced using a BigDye Terminator, version 3.1, cycle sequencing kit and a 3130xl capillary sequencer (Applied Biosystems, Darmstadt, Germany). The sequences were analyzed and edited using the BioEdit sequence alignment editor, version 7.0.9.0 (Tom Hall, Ibis Biosciences, Carlsbad, CA). Phylogenetic trees were generated based on amino acid sequences of H5 and H7 HAs determined in this study using MEGA software, version 5.2, with the minimum-evolution method.
Molecular model. For modeling we used atomic coordinates of influenza virus A/Vietnam/1194/2003 (H5N1) HA complex with Neu5Ac␣2-3Gal␤1-4GlcNAc␤ (3=SLN; Protein Data Bank [PDB] accession number 4BGY) (54) . Molecular models were generated using DS Viewer Pro, version 5.0 (Accelrys Inc.).
Statistical analyses. Differences in the affinity constants (K aff s) as well as in the ratios of K aff (3=SLN)/K aff [Neu5Ac␣2-3Gal␤1-4(Fuc␣1-3) GlcNAc␤ (SiaLe x )] between two groups of viruses, HPAIVs and LPAIVs, were determined using an unpaired two-tailed t test.
Nucleotide sequence accession numbers. The HA gene nucleotide sequences have been deposited in the GenBank database under accession numbers CY107842 to CY107861 and KM190930 to KM190932.
RESULTS
HA receptor-binding and NA substrate specificities toward Neu5Ac␣2-3Gal-terminated SGPs were evaluated for 27 AIVs (13 HPAIVs and 14 LPAIVs) of different subtypes (Fig. 2) . High-molecular-mass (ϳ1,000 kDa) SGPs were used in order to mimic the multivalent interactions between virus and receptors on the cell surface (43, 44) . For receptor-binding assays, we used a set of SGPs containing different sialyloligosaccharides that allowed us to evaluate the affinities of AIVs for SGPs with ␤1-3or ␤1-4-linkage in the carbohydrate core of Neu5Ac␣2-3Gal-terminated oligosaccharides (␤1-3GlcNAc␤ in SiaLe c and ␤1-4GlcNAc␤ in 3=SLN) as well as for their fucosylated analogs [␤1-3(Fuc␣1-4)GlcNAc␤ (SiaLe a ) and ␤1-4(Fuc␣1-3)GlcNAc␤ (SiaLe x ), respectively]. The same monovalent sialyloligosaccharides labeled with the fluorescent dye BODIPY FL were used for evaluation of the substrate specificity of the influenza virus NAs.
HPAIVs possess enhanced receptor-binding specificity for 3=SLN and SiaLe c compared to that of LPAIVs. All HPAIVs had a high affinity for SGPs containing 3=SLN and SiaLe c moieties (Fig.  3 ). In comparison with HPAIVs, all LPAIVs except tkIrel95 (H7N7) (explanations of virus abbreviations are given in Fig. 2 ) and dkGerm08 (H5N3) displayed substantially lower (from 1.5 to 9.4 times) receptor-binding affinity for both 3=SLN and SiaLe c (Fig. 3) . Two LPAIVs, tkIrel95 and dkGerm08, possessed receptor binding affinities for both SGPs similar to those of HPAIVs.
The affinities of 6 out of 13 HPAIVs (dkGerm06, swGerm06, dkViet05, ckItal8/98, ckScot59, and ckItal99) for the fucosylated SGP SiaLe a declined compared with the affinities to the nonfucosylated counterpart, SiaLe c (Fig. 3 ). Five LPAIVs (tnPots79, dk-Pots80, dkPots84, tkGerm95, and ckPen1/83) displayed higher (1.3 to 2.9 times) affinities for SiaLe a than toward SiaLe c . The affinities of the rest of the LPAIVs differed only slightly, if at all, compared with those for SiaLe c (Fig. 3) .
The affinity of all AIVs for fucosylated SGP SiaLe x was lower (1.3 to 6.1 times) than that for the nonfucosylated counterpart 3=SLN (Fig. 3) . Remarkably, despite the variation in absolute values of binding affinity, a strong correlation was observed between the virus pathogenic phenotype and the pattern of binding to . Viruses are grouped according to their subtypes and evolutionary relationships. The two circled LPAIVs were found to be exceptions as they revealed significantly higher binding affinities than other LPAIVs. Differences in the affinity constants (K aff s) between two groups of viruses, HPAIVs and LPAIVs, were statistically significant (P Ͻ 0.0001) and were determined using an unpaired two-tailed t test. See Fig. 2 for virus abbreviations.
3=SLN and its fucosylated analog SiaLe x . Indeed, when receptorbinding specificity was plotted as the K aff (3=SLN)/K aff (SiaLe x ) ratio, the values for all HPAIVs ranged between 3 and 6, whereas for LPAIVs these values were only about 1.5 (Fig. 4) . In other words, HPAIVs increase binding to 3=SLN, compared to the values of LPAIVs, but the binding to SiaLe x remains the same.
No correlation between pathogenicity and the ability to discriminate 3=SLN versus SiaLe c or SiaLe c versus SiaLe a was found ( Fig. 4) .
Enhanced receptor-binding of HPAIVs for 3=SLN is provided by amino acid substitutions in the RBS. Although the HA sequences of some of the viruses used in our study were available from the GenBank, we sequenced independently all HA genes of H5 and H7 subtype viruses to account for potential passagingrelated distinctions (accession numbers are given in Fig. 2 ). Our focus was on HPAIVs and LPAIVs of these subtypes since only LPAIVs of H5 and H7 subtypes naturally evolve into HPAIVs. To understand the molecular basis of differences in the specific receptor-binding patterns of HPAIVs and LPAIVs, we analyzed their HA sequences at amino acid positions 110 to 240, which form the receptor-binding site (RBS), and the location of observed amino acid substitutions on the X-ray diffraction data model of H5 HA complex with 3=SLN (PDB accession number 4BGY) (54) ( Fig. 5  and 6 ).
Comparison of H5 HA sequences of HPAIVs and LPAIVs. Evolutionary relationships of the HA of AIVs included here were generated using amino acid sequences of the HA protein. Three groups of related H5 viruses were compared ( Fig. 2 and 5A) .
In the first group, ckPen1/83 appeared in chickens in Pennsyl-vania in April 1983 and subsequently became virulent in October 1983. Viruses isolated in April and October were very closely related, and genetic reassortment had not occurred during the development of virulence (55) . The receptor-binding affinity of HPAIV ckPen1370/83 for 3=SLN was about 3-fold higher than that for LPAIV ckPen1/83, but both viruses displayed comparable affinities for fucosylated SGPs (Fig. 3) . The HA sequence of the HPAIV differed from that of LPAIV by the substitutions Glu189Ala and Ala192Glu ( Fig. 5A and 6 ). We conclude that these two substitutions in the RBS were responsible for the enhanced binding of ckPen1370/83 to 3=SLN. Two viruses, tkOnt6213/66 and tkOnt7732/66, were isolated during similar disease episodes in turkeys occurring in a relatively restricted area in Ontario, Canada. The LPAIV tkOnt6213/66 was isolated in January 1966, and the HPAIV tkOnt7732/66 was isolated in March 1966. The HPAIV tkOnt7732/66 was serologically related to LPAIV tkOnt6213/66 (56, 57) . Receptor-binding affinities of the HPAIV for 3=SLN and SiaLe x were about 5-and 2-fold higher than those of the LPAIV, respectively. The HAs have six amino acid differences at positions 130, 138, 186, 193, 196 , and 227 inside the RBS and in close proximity, which could account for the differences in receptor-binding specificity (Fig. 5A and 6) . Moreover, two substitutions generate two additional glycosylation sites in the HPAIV HA in positions 130 to 133 and 158 to 160 (because of Asn130 and Ser160) ( Fig. 5A and 6) .
Last, we compared amino acid differences between HPAIVs and LPAIVs isolated in Germany in 2006, 2008, and 1984 (Fig.  5A) . Two LPAIVs differed only in one position in the RBS, that is, Pro221 in dkPost84 and Ser221 in dkGerm08. LPAIV dkGerm08 was found to be a pronounced exception from LPAIVs as the exhibited HA affinity for 3=SLN was similar to that of HPAIV, but the virus bound SiaLe x at a level 2-fold stronger than HPAIV levels. Thus, the presence of Ser221 with a hydrophilic and flexible back chain instead of the rigid Pro in HA of LPAIV dkPots84 (Fig.  6) is most likely responsible for the high affinity of LPAIV dk-Germ08 and all HPAIVs toward nonfucosylated sialosides.
Comparison of the HA sequences of HPAIVs with the lowpathogenic virus dkGerm08 revealed three amino acid differences in the vicinity of the HA RBS (Fig. 5A ). HAs of HPAIVs possess Glu130, Arg193, and Lys216, whereas the HA of dkGerm08 has Asp130, Lys193, and Glu216 ( Fig. 5A and 6 ). These differences are thus responsible for the differences in the receptor specificities of HPAIVs and LPAIV dkGerm08.
Comparison of H7 HA sequences of HPAIVs and LPAIVs. We compared HA sequences of HPAIVs and LPAIVs, namely, the viruses isolated in Germany in 1979 to 1980 and the European viruses of 1995 to 2004 (Fig. 5B) .
Two HPAIVs, ckGerm79 and ckItal99, displayed the highest affinity for 3=SLN and the lowest affinity for SiaLe x . One of the LPAIVs, namely, tkIrel95, possessed a high affinity for all SGPs investigated (Fig. 3) . The receptor-binding affinity of HPAIV ck- HPAIVs are marked with asterisks. Additional glycosylation sites are marked with circles. The figure was generated using BioEdit. See Fig. 2 for virus abbreviations.
Germ79 for 3=SLN was about 3-fold higher than that for two LPAIVs, tnPots79 and dkPots80, but the HPAIV and both LPAIV viruses displayed comparable affinities for fucosylated SGPs (Fig.  3) . The HPAIV ckGerm79 differed from both LPAIVs at two positions in the vicinity of the HA RBS (Fig. 5B) . The HAs of LPAIVs possess amino acid residue Gly136, while the HA of the HPAIV has Asn136. The second feature of HPAIV HA is the presence of a negatively charged residue, Glu218, instead of Gly218 in the HAs of LPAIVs. This finding is consistent with previously reported data (58) , in which the variant of X31 virus (H3N2) containing the single amino acid substitution Gly218Glu in the HA possessed the highest affinities for the ␣2-3 sialyloligosaccharides. Notably, the HA of LPAIV tkIrel95, which displayed high affinities for all SGPs, also has Glu218.
The receptor-binding affinity of HPAIV ckItal99 for 3=SLN was about 3-fold higher than the affinities of the LPAIVs tkGerm01 and mldGerm04, but the HPAIV and both LPAIV viruses displayed comparable affinities for fucosylated SGPs (Fig. 3) . The HA of HPAIV ckItal99 has the following amino acid substitutions compared to the LPAIVs: Ala134Thr and Ala137Thr in the 130-loop and Ala219Glu in the 220-loop (Fig. 5B ). Moreover, Ala134Thr in the HPAIV HA generates a potential glycosylation site at Asn132.
To predict the genetic and structural basis of different receptor-binding patterns of the H7 HPAIVs and LPAIVs (Fig. 3) , we compared HAs of LPAIV tkIrel95 and HPAIV ckItal99 (Fig. 5B) . The HA of tkIrel95 differed from that of ckItal99 by several amino acid substitutions in the region of the RBS (Fig. 5B) ; among them were Pro185Ser, Thr189Ala, and Gly218Glu. The tkIrel95 virus displayed significantly higher avidity for fucosylated SGPs than the HPAIV (as well as the other LPAIVs investigated), which possessed typically for H7 in positions 185 to 189 small amino acid residues (Ser-Gly-Ser-Thr-Thr). This observation is in good agreement with data reported earlier (40) . It was suggested that the "left" side of the RBS of H7 HA (conserved amino acids in positions 185 to 189) is responsible for recognition of fucosylated receptors. Moreover, the rigid Pro185, which may radically change the RBS architecture, is an atypical substitution for H7 HAs. It was reported that the sequence analysis of about 70 HAs of H7 influenza viruses isolated in Eurasia and America from aquatic and terrestrial birds revealed Ser residues at position 185, without exception, in all viruses analyzed (40) . These features of the tkIrel95 HA likely determine its enhanced receptor-binding affinity for ␣2-3 SGPs, including fucosylated ones (Fig. 3) .
Substrate specificity of the NA does not correlate with pathogenic potential of the virus. All AIVs hydrolyzed SiaLe x and Sia-Le a much more slowly (1.4-to 8-fold) than their nonfucosylated counterparts 3=SLN and SiaLe c , respectively. N1 subtype NAs of both HPAIVs and LPAIVs possessed high sialidase activity toward the nonfucosylated sialyloligosaccharides 3=SLN and SiaLe c (Fig.  7) . N2 NAs of HPAI virus ckPenn1370/83 and LPAI virus ck-Penn1/83 showed identical and high sialidase activities toward 3=SLN and SiaLe c (Fig. 7) .
When substrate specificity was plotted as the 3=SLN/SiaLe x ratio, all viruses were divided into two groups (Fig. 8 ). For AIVs (both HPAIVs and LPAIVs) with N1, N5, and N8 NAs, the ratio was between 1.5 and 2, while for those bearing N2, N3, N6, N7, and N9 NA subtypes, the ratio was significantly higher and varied between 3 and 7. Analysis of the SiaLe c /SiaLe a ratio revealed the same pattern ( Fig. 8) .
It is known that NAs of the influenza type A viruses form two genetically and structurally distinct groups. The major structural difference between group I and group II is a large cavity adjacent to the active site in group I but not present in group II NAs (59) . N1, N5, and N8 NAs belongs to group I, and NAs of the N2, N3, N6, N7, and N9 subtypes belong to group II. Thus, the profile of the substrate specificity of the NA correlated with the NA subtype and did not correlate with the pathogenic potential of the virus.
DISCUSSION
In this study, we compared receptor-binding specificities and sialidase substrate specificities of HPAIVs and LPAIVs of H5 and H7 subtypes and found that all HPAIVs investigated differed from LPAIVs by having higher HA receptor-binding affinities toward the trisaccharides 3=SLN and SiaLe c .
Earlier it was reported that the most prominent feature of H5 poultry viruses is strong binding to 6-sulfo-3=SLN, and H7 viruses from all species were characterized by much stronger binding to 6-sulfo-3=SLN and 6-sulfo-SiaLe x than to nonsulfated SGPs (36, example, low-pathogenic virus ckPen1/83 circulated for some months in poultry before evolving into the highly pathogenic variant ckPen1370/83 (60, 61) . The latter virus differed from the ancestor virus by two amino acid substitutions in the RBS of the HA and by enhanced binding affinity for 3=SLN and SiaLe c . Similarly, LPAIV tkOnt6213/66 and HPAIV tkOnt7732/66 isolated a few months later differed by amino acid substitutions in the vicinity of the RBS and by their receptor specificities. Thus, both HPAIVs differed from their low-pathogenic precursors by their receptorbinding properties.
Noteworthy, the HA of HPAIV ckItal99 possessed a potential glycosylation site at the Asn132, and its affinity for 3=SLN was higher than the affinity of HAs expressed by closely related LPAIVs tkGerm01 and mldGerm04. In previous studies it was postulated that a mutation in the H7 HA of an HPAIV isolated from a fatal human case (H7N7 virus A/Netherlands/219/2003) which introduces a potential glycosylation site at Asn132 (because of Thr134) contributed to the pathogenic properties of this virus (62, 63) . Moreover, it was demonstrated later that the additional glycosylation site at this position of H7 HA significantly increases the binding affinity for 3=SLN (64) . Data obtained are in a good agreement with these reports and support an assumption that the occurrence of a potential glycosylation site in the HA correlates with the receptor-binding properties of the HA and the highly pathogenic phenotype of the virus.
Comparison between fucosylated and nonfucosylated SGPs revealed that the affinities of all viruses tested for SiaLe x were lower than their affinities for 3=SLN. These results are in accordance with data reported previously (38, 39) . Namely, all duck viruses of the H1, H2, H3, H4, H5, H8, H9, H10, H11, and H14 subtypes demonstrated low affinity for SiaLe x . Using molecular modeling authors of the previous studies suggested that partial overlap of the fucose moiety with a bulky amino acid (Arg, Lys, Thr, Leu, or Gln) in position 222 could be a general mechanism that reduces the capability of duck viruses to bind fucosylated receptors. Comparison of the HA sequences of all viruses investigated here showed that they possessed Lys222, Gln222, or Leu222. We assume that most AIVs with the bulky amino acid at position 222 have a reduced capability to bind fucosylated receptors.
In summary, our data show that all HPAIVs differed from LPAIVs by higher HA receptor-binding affinities toward the trisaccharides 3=SLN and SiaLe c . The functional HA-NA balance is known to be essential for efficient replication of influenza viruses (20) . We speculate therefore that enhanced binding of HPAIV to 3=SLN and SiaLe c might be compensated by enhanced desialylation of these substrates by the NA. In this study, we determined substrate specificity of the NA as a ratio of enzymatic activities toward different substrates and found that substrate specificity did not correlate with the pathogenic potential of the virus. We did not determine absolute NA activities as this would require knowledge of the NA concentration in a reaction mixture, which is a difficult task. Further studies on the absolute activities of the NA of HPAIV and LPAIV are required to describe precisely the functional balance between NA and HA of these viruses.
Interestingly, two LPAIVs, dkGerm08 (H5N3) and tkIrel95 (H7N7), differed from other LPAIVs tested. These viruses revealed significantly higher HA receptor-binding affinities than other LPAIVs for 3=SLN and SiaLe c , as well as for their fucosylated counterparts. HAs of each of these viruses have unique amino acids in the RBS. These features of the HA structure correlate with their high affinity for a wide range of ␣2-3 sialyloligosaccharides. We speculate that such a molecular characteristic and a high receptor-binding affinity of HA for most ␣2-3 sialosides might predispose this virus, in its low-pathogenicity phenotype, to act as a progenitor of a newly emerging HPAIV. Interestingly, both of these atypical LPAIVs were found to be nonpathogenic for chickens, with an intravenous pathogenicity index (IVPI) of 0.0 (data not shown). It will be of significant interest to test whether these viruses have an extended tissue tropism similar to that of HPAIVs and/or are more pathogenic for poultry than typical LPAIVs.
It is well known that HPAIVs and LPAIVs possess different tissue tropisms: LPAIVs cause a localized infection while HPAIVs cause generalized infection (reviewed in references 65 and 66). The extended tissue tropism of the HPAIVs (such as the ability to replicate in endothelial cells) compared to that of LPAIVs is provided by the acquisition of the multibasic cleavage site by the HPAIVs (67) . We suppose that the ability of HPAIVs to replicate in a broader spectrum of cells may account for the gradual changes of the viral receptor-binding specificity. Alternatively, alterations of the receptor specificity could occur before the acquisition of the multibasic cleavage site and of the high cleavability of the HA. Our finding of two LPAIVs with receptor characteristics of HPAIVs would agree with the second scenario.
Thus, the findings allow us to conclude that acquisition of the highly pathogenic phenotype is accompanied by enhanced receptor-binding affinity first of all for 3=SLN, which is a typical poultry-like receptor. It was reported that the typical feature of poultry-adapted viruses is preferential binding to receptors having a ␤1-4 bond between the Neu5Ac␣2-3Gal moiety and the next sugar residue, such as Neu5Ac␣2-3Gal␤1-4GlcNAc (3=SLN) (26, 36, 37, 39) . We believe that enhanced binding to 3=SLN is provided by substitutions in the RBS of HA, which appeared in the HAs of LPAIVs in the course of transmission of LPAIVs from wild waterfowl into poultry flocks, with subsequent circulation and evolution/adaptation in poultry. The identification of LPAIVs with the receptor characteristics of HPAIVs described here argues that the sialic acid-binding specificity of the HA may be used as a novel phenotypic marker of HPAIVs.
